Abstract Fulminant hepatitis can cause acute liver failure and death in both humans and mice. However, the cellular and molecular mechanisms underlying the acute disease are still not well understood. Here, we examine the role of Th17 response in the development of the acute hepatitis following infection with mouse hepatitis virus (MHV). We show that IL-17 levels in serum are rapidly elevated and positively correlated to liver damage and death of the mice. In IFN- 
genetic background, and immune status of the mice [1] . Intraperitoneal infection of susceptible strains of mice with hepatotropic MHV, such as MHV-A59, results in severe acute liver failure, and therefore, has served as a useful model for fulminant hepatitis in humans [2] .
Accumulating evidence suggests that the immune response to virus infection is a double-edged sword with the opposing outcome of immunoprotection and immunopathology. Effector T cells are critical for the defense against pathogens, but inappropriate or poorly regulated T cell responses also induce inflammatory disorders and pathological damage. Thus, T cell response is stringently controlled under physiological conditions. Notably, IFN-γ is an effector cytokine produced by Th1 cells and CD8 T cells and plays a critical role in immune responses to microbial infection. IFN-γ also plays an essential role in the homeostatic control of effector T cells in order to minimize immunopathology [3, 4] . There is a progressive expansion of T cells in IFN-γ −/− mice infected with mycobacteria [5] . After Listeria infection, the frequency of antigenspecific T cells is higher in IFN-γ −/− mice than in wild-type mice [6] . Severe T cell-mediated immunopathology is observed in IFN-γR −/− mice infected by lymphocytic choriomeningitis virus (LCMV) [7] . Failure to suppress the expansion of the activated T cells in the absence of IFN-γ pathway leads to more severe encephalitis in mice [8] . Similarly, IFN-γ or its receptor deficient mice exhibit an increased susceptibility to MHV-induced hepatitis [9] [10] [11] . It has been hypothesized that the increased susceptibility is due to uncontrolled response to virus infection. However, the molecular and cellular basis underlying the impaired responses is largely unknown. Th17 cells, a novel IL-17-secreting CD4 + T cell subset, have been shown to be involved in various inflammatory diseases. Although IL-17 was initially identified as a pathogenic cytokine in autoimmunity [12] [13] [14] [15] , increasing evidence suggests that IL-17 also plays a critical role in controlling microbial infection, especially intracellular bacterial infection [16] [17] [18] . IL-17 promotes recruitment of neutrophils to the site of infection, inducing proliferation of enterocytes and production of antibacterial defensins [19, 20] . Indeed, IL-17 is known to be induced and required for the host protection against Klebsiella pneumoniae [21] , Citrobacter rodentium [22] , and Candida albicans [23] . Hence, Th17 cells are an integral part of an antibacterial immunity. In contrast, the role of Th17 cells in viral infection is less clear. Previous studies indicate that simian immunodeficiency virus (SIV) infection results in depletion of Th17 cells in the ileal mucosa [24] . Similarly, IL-17 is negatively regulated by Epstein-Barr virus-induced gene 3 [25] . Th17 cells are suggested to correlate with the severity of liver damage during chronic HBV infection [26] . These previous studies suggest possible connections between IL-17 and virus infection.
In this study, we investigated the role of Th17 response during MHV-induced acute hepatitis. Immunity and pathology to hepatotropic MHV infection is specifically analyzed in the absence of IFN-γ pathway. Our results show that MHV-A59-induced Th17 response is associated with immunopathology in acute hepatitis. Increased severity of hepatitis in IFN-γR −/− mice correlates with exaggerated reactivity of Th17 cells. A blockade of IL-17 significantly decreases MHV-induced inflammation as well as liver damage. We further show that IFN-γ induces apoptosis of Th17 cells. These findings suggest a pathogenic role of Th17 cells in MHV-A59 infection, which is normally under the control of IFN-γ.
Materials and methods
Mice and infection C57BL/6 mice deficient in IFN-γR (IFN-γR −/− ) were originally from the Jackson Laboratories (Bar Harbor, ME). Sex-and age (6-8 weeks)-matched wild-type control mice were purchased from Vital River (Beijing, China). Mice were infected by i.p. injection of 5×10 5 plaqueforming unit (PFU) of MHV-A59 or MHV-A59/GOS in 0.2 ml PBS and observed daily for weight loss and mortality. For adoptive transfer experiments, naive wildtype and IFN-γR −/− mice were transferred with 5×10 6 CD4 + T cells and then with 5×10 5 PFU MHV-A59 1 day later. To neutralize IL-17, mice were i.p. injected with 100 μg of anti-mouse IL-17 mAb (TC11-18H10, Southern Biotechnology) 1 and 4 dpi. All mice were housed under specific pathogen-free condition at the animal facility of the Institute of Biophysics, Chinese Academy of Sciences, and the animal experimentation conforms to protocols approved by the institutional animal care committee.
Construction of recombinant MHV-A59/GOS
To construct a recombinant MHV-A59/GOS that expresses eGFP, the CD4 epitope OVA (SQAVHAAHAEINEAGR) and the CD8 epitope SIY (SIYRYYGL), the coding sequences of eGFP/OVA/SIY was amplified from pHSeGFP/OVA/SIY vector and inserted into pMH54 by Sal I and Not I sites. A targeted RNA recombination was carried out between RNAs of pMH54/GOS and the recipient virus fMHV (feline MHV) in AKD cells. Recombinant viruses were selected by replication in 17Cl-1cells and were plaque purified twice (Fig. S1 ).
Virus titer assay MHV-A59 titers in livers of infected mice were determined by the plaque assay on monolayer of 17Cl-1 cells. After 24 h incubation with serially diluted supernatants of tissue homogenate, plaques were counted on the cell layers. All titrations were performed in duplicates, and the average PFU per gram of tissue was calculated.
Alanine aminotransferase (ALT) activity Serum ALT levels were measured with a kit according to the manufacturer's instructions (Biosino).
Histological analysis
Paraffin-embedded sections (5 um thick) of liver of infected mice were stained with hematoxylin and eosin using standard techniques. Pictures were taken using an Olympus BX51 microscope.
Intrahepatic lymphocytes isolation
Hepatic lymphocytes were isolated as previously described [27] . Briefly, livers were perfused through the portal vein with PBS, excised, thoroughly dissected, and gently passed through a 100-gauge stainless mesh. The cell suspension was centrifuged at 500×g for 6 min. Then the pellet was resuspended in 40% Percoll solution and loaded on the 70% Percoll solution followed by centrifugation at 900×g for 20 min. The cell layer between 40% and 70% Percoll was collected for hepatic lymphocytes.
Flow cytometry
Cell suspensions were stained with fluorochromeconjugated mouse-specific Abs against CD4 (BD Pharmingen), CD25 (BD Pharmingen), Gr1 (BD Pharmingen), IL-17 (eBioscience), Foxp3 (Miltenyi Biotec), IFN-γR (eBioscience), or isotype-matched control Abs. To detect SIY peptide-specific CD8 + T cells, cells were first blocked by CD16/CD32 (BD, Pharmingen) and stained with SIYloaded K b -Fc dimmer (BD Pharmingen). To identify IL-17-producing cells, cells were activated for 4 h with 50 ng/ml PMA and 500 ng/ml ionomycin in the presence of brefeldin A (GolgiPlug; BD Bioscience). Cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Bioscience) before staining with anti-IL17 antibody. The apoptotic cells were detected by a TUNEL assay Kit (Beyotime) according to the manufacturer's instructions. All samples were then analyzed with a BD FACSCalibur cytometer (BD, Biosciences).
Cytokine assays
At indicated time points post MHV-A59 infection, serum and liver homogenates were prepared from infected mice. The amount of cytokines was quantified using the cytometric bead array kit for mouse inflammatory cytokines (CBA; BD Biosciences) on a FACSCalibur cytometer equipped with CellQuestPro and CBA software (Becton Dickinson). The concentration of IL-17 in serum was determined by Elisa kit (Dakewe), according to the manufacturer's instruction.
Quantitative PCR RNA was extracted from infected livers using the TRI REAGENT Kit per the manufacturer's protocols (Molecular Research Center, Inc). cDNA was synthesized from 2 μg of total RNA using the Reverse Transcription System (Promega). IL-17 transcript was detected with primers: (sense) 5′-GCT TCA TCT GTG TCT CTG AT-3′ and (antisense) 5′-GGT CTT CAT TGC GGT GGA GA-3′ [28] . The amount of β-actin transcript was determined using primers (5′-GAA GTG TGA CGT TGA CAT CCG TA-3′ and 5′-CTC AGG AGG AGC AAT GAT CTT GA-3′) (Invitrogen). IL-17 transcript level was expressed as a relative copy number normalized to β-actin level.
Th17 differentiation and induction of apoptosis

CD4
+ T cells were purified from spleen with anti-CD4 beads (Miltenyi Biotech). Purified CD4 + T cells were stimulated with plastic-bound anti-CD3 and anti-CD28 supplemented with IL-6 (20 ng/ml, Prospec) and human TGF-β (5 ng/ml, R&D system) for 4 days to induce Th17 cells. To analyze antigen-induced apoptosis of Th17 cells, CD4 + T cells from DO11.10 mice were stimulated with 500 ng/ml OVA323-339 peptide plus irradiated splenocytes from BALB/c mice in the presence of IL-6 and human TGF-β for 5 days. IFN-γ (50 ng/ml) or R46A2 (anti-IFN-γ, 10 μg/ml) were supplemented on day 2 as indicated.
Statistical analysis
All experiments were repeated at least three times. Data are expressed as mean±SE. Statistical analysis was performed by the Wilcoxon signed-ranks test, Student's t test, or oneway analysis of variance. The data were considered to be significantly different when p<0.05.
Results
IL-17 is associated with severe disease during acute MHV-A59 infection
To investigate the role of IL-17 in MHV-A59-induced hepatitis, we infected wild-type C57BL/6 mice with 5× 10 5 PFU MHV-A59 (Fig. S2 ), determined the serum cytokine level before infection (day 0) and 3 and 5 days post infection (dpi), and monitored the survival of the infected mice. IL-17 level was increased following MHV-A59 infection. Notably, the level of IL-17 was significantly higher in mice that eventually died than in those that survived (Fig. 1a) . In the surviving mice, IL-17 level was 112.3±9.3 ng/ml 3 dpi and decreased slightly 5 dpi. In contrast, IL-17 level was 370.3±30.2 ng/ml 3 dpi and increased to 749.6±49.1 ng/ml 5 dpi in mice that died between days 5 and 10. In parallel, serum ALT levels were also significantly higher in mice that eventually died than in those that survived (Fig. 1b) . These results suggest a positive correlation among the serum IL-17 level, liver damage, and poor survival following MHV-A59 infection.
MHV-A59 infection induces an exaggerated IL-17 response in IFN-γR
−/− mice Studies have shown that IFN-γ −/− and IFN-γR −/− mice were much more susceptible to MHV-induced hepatitis [9] [10] [11] . Consistently, we observed that all IFN-γR
mice succumbed to death with 5 × 10 5 PFU MHV-A59 infection between 5 and 10 dpi while less than half of the wild-type mice died (Fig. S3) . The infected IFN-γR −/− mice rapidly lost weight and never recovered, whereas wild-type mice only lost weight during the first few days post infection and recovered eventually (Fig. S3 ). We analyzed the serum level of IL-17 before the mice were dead. Compared with the wild-type mice, serum IL-17 level was significantly elevated in IFN-γR −/− mice 5 dpi (Fig. 2a) . Furthermore, the level of IL-17 transcript in the liver was higher in IFN-γR −/− mice than in wild-type mice (Fig. 2b) . These results suggest that, in the absence of the IFN-γ receptor, IL-17 production is exaggerated during MHV-A59 infection.
Neutralization of IL-17 protects IFN-γR −/− mice from death
To evaluate MHV-A59-induced liver damage in IFN-γR −/− mice, we measured the serum ALT after infection. Serum ALT activities were elevated at comparable levels in both wild-type and IFN-γR −/− mice 3 dpi. However, significantly higher serum ALT was observed in IFN-γR −/− mice than wild-type mice 5 dpi, when IL-17 induction was elevated (Fig. 3a) . Similarly, histological examination revealed more extensive necrosis in the livers of IFN-γR −/− mice than in that of wild-type mice 5 dpi (Fig. 3b) . Increased virus titer in IFN-γR −/− mice might be responsible for immunopathology, we therefore quantified the virus titers in the livers of infected mice. As expected, IFN-γR −/− mice had higher virus titers than wild-type mice. However, a rapid clearance of the virus was observed in both groups at 5 dpi when severe liver damage occurred in IFN-γR −/− mice, indicating that liver injury was not merely due to virus replication at this time point (Fig. 3c) . Additionally, we analyzed the frequencies and numbers of virus-specific CD8 + T cells in the spleen and liver of mice infected by recombinant MHV, RA59/ GOS. No significant difference was observed between IFN-γR −/− and wild-type mice, indicating that CD8 T cells are likely capable of clearing the virus in IFN-γR −/− mice (Fig. S4) .
To determine the specific contribution of IL-17 to liver pathology in IFN-γR −/− mice, mice were treated with a specific IL-17 neutralizing mAb. Anti-IL-17 treatment significantly decreased the ALT level (Fig. 3d) and delayed MHV-A59-induced death in IFN-γR −/− mice (Fig. 3e) . In contrast, IL-17 neutralization affected little on the viral load (data not shown). The results above further show that not the virus itself, but the augmented IL-17 production contributes to MHV-A59-induced liver damage and increased mortality in IFN-γR −/− mice. TNF-α and MCP-1 [29, 30] . Therefore we measured these inflammatory mediators in the serum of mice at different time points post MHV-A59 infection. Compared to the wild-type mice, the serum levels of IL-6, TNF-α and MCP-1 were significantly elevated in IFN-γR −/− mice (Fig. 4a) . These mice were monitored daily until 14 dpi, and there was no change from 8 dpi Consistently, TNF-α and IL-6 in the liver were dramatically increased in infected IFN-γR −/− mice especially 5 dpi (Fig. 4b) . MCP-1 was higher 3 dpi but lower 5 dpi in liver of IFN-γR −/− mice than wild-type mice. An increased influx of Gr1 + neutrophilic granulocytes was observed in IFN-γR −/− liver 5 dpi (Fig. 4c) , which is consistent with the previous report that IL-17 mediates recruitment, activation and proliferation of neutrophils [31] . Importantly, neutralization of IL-17 greatly reduced the level of these inflammatory mediators (Fig. 4d) . These results suggest that exacerbated IL-17 production accounts for, at least partly, the uncontrolled inflammation in IFN-γR −/− mice during MHV-A59 infection.
The number of Th17 cells is elevated in IFN-γR −/− mice To assay Th17 response, we determined the frequencies and numbers of Th17 cells in spleen at different time points post infection by intracellular staining and flow cytometry. The frequency of Th17 cells in the wild-type mice increased following the infection, but the increase was much more dramatic in IFN-γR −/− mice with the highest level at 5 dpi ( Fig. 5a ; Table 1 ). Similarly, the frequencies of Th17 cells in the liver were also significantly higher in IFN-γR −/− mice (5.15±0.56%) than in wild-type mice (1.74±0.08%) 5 dpi (Fig. 5b) . We also determined the frequencies and numbers of regulatory T cells (Tregs) at and wild-type mice (Fig.S5) . These results further support an exacerbated Th17 response in the absence of IFN-γR.
IFN-γ induces apoptosis of Th17 cells
To investigate how IFN-γ controlled the virus-induced Th17 response, we determined whether IFN-γ had a direct effect on IL-17 producing CD4 + cells. CD4 + T cells from IFN-γR
and wild-type mice were purified and differentiated into Th17 cells by stimulation with anti-CD3 and anti-CD28 in the presence of TGF-β1 and IL-6 for 4 days [32, 33] . Flow cytometry analysis showed that Th17 cells from wild-type mice, but not IFN-γR −/− mice, expressed IFN-γR (Fig. 6a) .
Because IFN-γ was known to induce apoptosis of activated T cells [3, 4, 34, 35] , we analyzed whether IFN-γ might have a direct role in inducing apoptosis of Th17 cells. Thus, OVAspecific Th17 cells were generated from DO11.10 transgenic CD4 + T cells by stimulation with OVA peptide for 5 days. Following OVA stimulation, a large fraction of Th17 cells differentiated and then underwent apoptosis. Addition of IFN-γ increased their apoptosis (Fig. 6b) . Neutralization of IFN-γ slightly decreased Th17 cells apoptosis (Fig. 6b) . Because little IFN-γ was secreted by Th17 cells, IFN-γ-induced apoptosis of Th17 cells may happen through a paracrine effect. The ex vivo experiment showed that there was more apoptosis of Th17 cells in wild-type mice than that in IFN-γR −/− mice (Fig. 6c) . These results suggest that IFN-γ could restrict Th17 cell expansion by inducing their apoptosis, and the dysfunction of this pathway is probably responsible for the exacerbated Th17 induction during MHV-A59 infection in IFN-γR −/− mice.
Adoptive transfer of IFN-γR −/− CD4+ T cells leads to enhanced immunopathology in wild-type mice
To confirm the hypothesis that the immunopathology in IFN-γR −/− mice was caused by exaggerated Th17 response, IFN-γR −/− and wild-type CD4 + T cells were purified from mice infected with the recombinant MHV-A59 (RA59/ GOS), which induced virus specific immune response without causing the death of the mice. Total CD4 + T cells, including the antigen-primed CD4 + T cells, were adoptively transferred into naive wild-type recipients and then challenged with MHV-A59. At 4 dpi, the proportions of Th17 cells in liver were increased in wild-type recipients receiving IFN-γR −/− CD4 + T cells (Fig. 7a) . Consistently, wild-type mice given IFN-γR −/− CD4 + T cells had a more visible weight loss and liver damage than mice given wildtype CD4 + T cells (Fig. 7b) . In addition, adoptive transfer of IFN-γR −/− CD4 + T cells led to increased production of inflammatory cytokines TNF-α, MCP-1, and IL-6 in the liver (Fig. 7c) . These results further support the notion that augmented Th17 response is a major contributor to MHVinduced immunopathology in IFN-γR −/− mice.
Discussion
Fulminant viral hepatitis is a rare but potentially fatal disease in clinic. Mortality without supportive management and/or liver transplantation is over 70%, especially in children. The disease is characterized by massive hepatic necrosis associated with failure of hepatic regeneration. Using the model of MHV-A59-induced fulminant hepatitis HIV-specific Th17 cells are detectable especially in early infection, suggesting that Th17 cells may exert in acute viral infection [36] . In addition, IL-17R signaling modulates the host response to herpes simplex virus corneal infection at early time-points post infection, actively promoting corneal inflammation [37] . Respiratory syncytial virus infection in the absence of STAT1 results in augmented IL-17 levels as well as enhanced airway dysfunction [38] . Mice lacking both of the transcription factors T-bet and eomesodermin develop high levels of IL-17-secreting CD8 + T cells following LCMV infection, leading to a progressive inflammatory and wasting syndrome [39] . Th17 cells also contributed to the liver damage + T cells from normal IFN-γR −/− (right) and wild-type individuals (left) were stimulated with 0.3 μg/ml plastic-bound anti-CD3 and 0.3 μg/ml soluble anti-CD28 in presence of 20 ng/ml recombinant mouse IL-6 and 3 ng/ml human TGF-β. Four days after activation, cells were restimulated with PMA/ionomycin and subjected to intracellular cytokine staining for IL-17. IFN-γR expression on Th17 cells was detected by staining with a PE-labeled Ab against CD119 (black line). A PE-labeled isotype-matched Ab was used as a control (filled). b Sorted CD4 + T cells from Do11.10 mice were stimulated with or without OVA peptide in presence of 20 ng/ml recombinant mouse IL-6 and 3 ng/ml human TGF-β plus recombinant mouse IL-2. 50 ng/ml mouse recombinant IFN-γ or 10 μg/ml neutralizing rat Abs R46A2 (anti-IFN-γ) was applied as indicated 1 day post stimulation. Five days later, cells were restimulated with PMA/ionomycin and subjected to intracellular cytokine staining for IL-17. Apoptosis of Th17 cells was determined by FITC-labeled TUNEL staining. A FITC-labeled isotype-matched Ab was used as a control. Ratios of apoptotic to nonapoptotic Th17 cells were statistically analyzed. c Hepatic lymphocytes were isolated from MHV-A59 infected IFN-γR −/− mice (open bar) and wild-type mice (closed bar) at different time points post infection. After stimulation with PMA/ionomycin, cells were subjected for IL-17 staining and TUNEL assay. Apoptosis of Th17 cells was determined by FITClabeled TUNEL staining as described above. Ratios of apoptotic Th17 cells were statistically analyzed during chronic HBV infection [26] . Therefore, it is conceivable that Th17 cells could cause pathogenesis in addition to the protective property in many viral infections [40] . Consistently, in our study MHV-A59-induced Th17 cells contribute to detrimental inflammation and liver disease, implying the involvement of Th17 cells in fulminant viral hepatitis in clinical settings. In particular, MHV-A59 infection drives exacerbated Th17 response in IFN-γR −/− mice, correlating with prolonged viral persistence. This may be mediated by inhibition of T cell cytotoxicity by IL-17, permitting sustained viral infection, similar to what has been observed in the pathogenesis of Theiler's murine encephalomyelitis virus-induced demyelinating disease [41] .
Against the destructive Th17 response, host may downregulate or even deplete virus-induced Th17 cells with a protective strategy. The induction of type I IFN-s by viral infection may constrain Th17 development [42] . In addition, innate anti-inflammatory cytokines IL-10 and TGFβ elicited by HCV suppress Ag-specific Th17 cells [43] . Notably, immunity to viruses is ascribed to Th1 responses whose production of IFN-γ could antagonize Th17 cells [44, 45] . Extensive studies have indicated the inhibitory effect of IFN-γ on differentiation processes of Th17 cells [46] . Herein, our results demonstrate IFN-γ also affects Th17 apoptosis. It is also observed that Th17 cells are markedly depleted in SIV-infected rhesus macaques [24] . In our study, compared with susceptible IFN-γR −/− mice that 
